By moving the back-to-back AC-DC-AC converters in a tidal current conversion system onshore, maintenance requirements and cost are reduced significantly. This is because underwater components are not easily accessible and operate in a harsh environment. In addition to increased maintainability, the concept of long distance controls offers maximum power capture from the tidal currents in the same way that a converter in the nacelle would offer. However, a number of challenges are associated with the concept of controlling electrical machines through long cables, which include electromagnetic travelling waves in the cables and system resonance. These phenomena can induce overvoltages at the generator terminals which can lead to system failure and high harmonics that can induce extra power losses. The major contribution of this paper is a new method of filter design, for systems with long distance controls, for minimization of system power loss. The proposed method is validated by developing a full resource-to-grid tidal current conversion system in MATLAB/Simulink. Simulation results show that using the proposed method overvoltage mitigation can be achieved the same way as literature based filters but at the same time minimize the total system losses. The results from the analysis can be used to optimize tidal energy conversion systems with a similar electrical configuration.
I. INTRODUCTION
HE world's tides have the potential to generate carbon free energy and contribute to energy sustainability and security. The UK alone has a significant tidal current energy resource which can supply 29% of the UK electricity demand [1] . Tidal energy developers have started to move from single devices usually rated at 1MW -2MW to small scale demonstration arrays rated at around 10MW. These tidal current conversion systems (TCCS), regardless of technology, require continuous reliable underwater operation with high availability. This dictates that onsite visits must be reduced to Manuscript a minimum since tidal devices are installed at locations with high tidal currents where the windows of opportunity for site visits are relatively short. Another aspect of tidal arrays that affects power transmission is that devices will be close enough to shore, thereby eliminating equipment which would normally be installed offshore. This consequently minimizes offshore maintenance. In this context, it is suggested that tidal energy developers can improve the availability of their systems by moving the power electronics from the nacelle to the shore. This can reduce offshore visits since the failure frequency of power converters can be significant based on data from onshore wind turbines [2] . Locating the power electronics on land means that the generator has to be controlled via long subsea cables and therefore long distance controls are needed. A block diagram of the TCCS utilizing long distance controls can be seen in Fig. 1 .
The literature regarding long distance drives focuses on the presence of overvoltages at the terminals of electrical machines with long feeders due to electromagnetic travelling waves. In order to mitigate the overvoltages in these systems research papers focus on different types of passive filters [3 -6] . In [3] three different types of filters, installed at the machine terminals, are designed and compared and in [4] [5] a 2 nd -order filter at the inverter output is proposed. Authors in [6] study and compare the effectiveness of filters at the machine terminals and inverter output with respect to filter losses, changes in cable parameters and controller response. Another aspect of research related to long distance controls is system resonance which can induce extreme harmonics and overvoltages. In order to study the resonance between the transformer, the cables and the machine, high-frequency modeling is required [7] [8] [9] . Finally, in [10] an in-depth analysis is given regarding the design of a 2 nd -order filter at the inverter output in a TCCS without transformer to mitigate overvoltages due to electromagnetic travelling waves. Currently, a number of different TCCS configurations exist as tidal developers are trying to improve their concepts. While most of the designs are bottom mounted with horizontal axis rotors and low solidity blades, there are differing approaches in generator technology. Research regarding tidal systems focuses on power limitation mechanisms [11] , power capture maximization control methods, generator technologies [12] [13] [14] and grid integration [15] .
The paper has the following structure. First, the theoretical background regarding the electromagnetic travelling waves in the cables and system resonance is briefly explained in sections II and III respectively. In addition, in section III a way to quantify system resonance is established mathematically. In section IV different parts of the TCCS model are presented. Section V compares the literature-based design process of different types of filters with a proposed filter design process based on voltage gain calculations. Section VI demonstrates and compares results from simulating the system model under different cases. Conclusions derived from the results are summarized in section VII.
II. WAVE REFLECTION ANALYSIS
Voltage pulses, created by the generator side controller, travel from the VSC to the generator through the cables. Their behavior can be analyzed the same way as travelling waves in transmission lines [3] . Voltage waves travelling from the VSC to the generator are reflected at the end of the long cables. The voltage reflection coefficient, Γn, is determined by the surge impedance ratio at node n.
Where ZC is the cable characteristic impedance at specified frequency, ω in rad/s, and Zn is the impedance at node n.
The impedance at the VSC terminals is very low because it is dominated by the dc-link capacitor and therefore results in ΓVSC ≈ -1. According to [3] the surge impedance of the generator is very high for low power machines but for high power machines this can be less than 0.65 [4] . In this paper, two cases will be explored regarding the generator surge impedance. Firstly, a worst case scenario is chosen where the travelling waves arriving at the generator terminals are completely reflected resulting in 2 times the voltage magnitude of the travelling waves. Based on (1) this leads to ΓGen ≈ 1. The second scenario assumes a voltage reflection coefficient at the generator terminals equal to ΓGen = 0.5 which means that the travelling waves arriving at the generator terminals are reflected by 50% resulting in 1.5 times the voltage magnitude of the travelling wave. When designing filters only the worst-case scenario will be taken into account.
Results regarding the two scenarios are given in section VI. Fig. 2 shows the voltage waveform at the generator terminals for the proposed TCCS when filters are not designed properly.
III. SYSTEM RESONANCE
Apart from the voltage reflections, additional overvoltages can be generated by the interaction of cable capacitance and inductance. This interaction creates frequencies where the system is resonant [4] . If harmonics are generated at the resonant frequencies then these harmonics can be magnified and lead to overvoltages and increased harmonic distortion at the generator terminals. In addition, when a transformer is installed between the VSC and the cables, transformer inductance interacts with cable capacitance creating additional resonant frequencies. In order to quantify the phenomenon of resonance, voltage gain graphs where created for the cables in isolation and also cables with the transformer as a system, as shown in Fig. 3 . The voltage gain graph is created by assuming that the VSC is sending voltage pulses and that the generator terminals are the receiving end of these pulses. Therefore we can compute the state-space model of the system using MATLAB in discrete form:
Where T is the sampling interval, kT is the time instant, input vector x represents inductor currents and capacitor voltages, input vector u represent voltage and current sources and output vector y represents voltage and current measurements. So, in order to create the voltage gain graph, (3) is simplified to:
Manipulating (4) the voltage gain graph can be expressed as in (5) .
The magnitude of the voltage gain graph shows how each frequency component of the voltage pulses generated are multiplied to reach the generator. Therefore, if there is a significant harmonic component generated at a frequency where the voltage gain magnitude is above unity, then this harmonic component will be magnified at the generator 13 13.05 13.1 13.15 13. This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TSTE.2015.2424258 terminals. On the other hand, if the voltage gain is below unity at a specific frequency range then the harmonic components at these frequencies will be reduced at the generator terminals. The magnitude of the voltage gain graph and where magnitude peaks appear are directly related to cable and transformer parameters. The voltage gain graph can be seen in Fig. 3 .
IV. MODELING OF THE PROPOSED TCCS
In this section the modeling aspects of the TCCS will be described. The proposed topology can be seen in Fig. 1 . The power output of the medium voltage generator is transmitted to shore by long three-phase subsea cables. The medium voltage is transformed to low voltage using an onshore transformer. The generator-side converter is controlled by the DTC SVM method which allows the SCIG to operate with variable speed. On the grid side, the low voltage output of the inverter is first filtered and then a step-up transformer is used in order to match the high voltage of the grid. The modeling aspects of this system are described in [17] . In this paper cable and flow modelling will be described in more depth.
A. Tidal Resource
The power potential of a tidal turbine can be derived by the same formulas as for wind energy systems:
where ρwater is the sea water density approximately equal to 1025kg·m -3 , A is the swept area by the tidal turbine blades, Vcurrent is the fluid speed in m/s, power coefficient Cp, tip speed ratio λ and pitch angle β in degrees.
For the purposes of this study the input flow speed is chosen to be above 2m/s as we intend to study the operation of the system at rated conditions. The mean flow speed comes from measured data in which a predicted turbulence of 10% and swell effects were added. The predicted turbulence is modelled by adding white noise to the measured mean flow speed. The swell effect of the tides was considered in the resource model using a first-order Stokes model as described in [15] [16] . Therefore, the tidal flow is composed of three distinct parts, the mean flow speed, the turbulence and the swell effect. The flow speed is given in (7) and the flow generated is shown in Fig. 4 .
Where P is the noise level, z is the vertical point for the swell and x is the horizontal point for the swell.
B. Cable Modeling
In this paper we have chosen to model the long subsea cables with a network of π-sections. In a transmission cable, the resistance RC, the inductance LC and the capacitance CC are uniformly distributed along the cable. In order to accurately represent the uniform distrubution with lumped parameters and therefore obtain accurate results at the cable terminals for transient analysis, several identical π-sections are connected in series. The number of these identical π-sections depends on cable parameters, cable length (lC) and the frequency range which must be accurately represented (fmax). An approximation of the number of π-sections required to accurately represent frequency transients is given by the following equation:
Where vC is the travelling speed of the waves in the cables and is defined in (9) .
For the purposes of this paper, the analysis has been performed by assuming a cable length that is suitable for most tidal energy projects. In addition, the transient analysis of this system lies in the low frequency range and therefore fmax = 5kHz. The parameters of the cascaded π-network are given in Table I 
V. FILTER DESIGN METHODOLOGY
The installation of a filter at the generator side of a tidal energy system with long distance controls must ensure continuous underwater operation, prevent overvoltages and generate the minimum possible losses. At the following sections most filters that appear in the literature regarding long distance controls are discussed and filter parameters are calculated based on the equations provided for the TCCS described above. After calculating the parameters based on the literature, a new method of calculating filter parameters based on the voltage gain graphs is described.
A. Filter parameters based on literature 1) Offshore filter
As described in section II the voltage reflection coefficient at the generator terminals can be calculated using (1) . In the worst case scenario ΓGen = 1 whereas the desirable value for the voltage reflection coefficient at the generator terminals is ΓGen = 0. Therefore, by terminating the long cables with impedance equal to the cable characteristic impedance we can achieve the desirable value.
a) Resistor Termination
Installing a parallel resistor (R) at the machine terminals is suggested [3] to provide voltage overshoot damping ( Fig. 6 ). In order to achieve this, the resistor value must be equal to the cable characteristic impedance.
) Capacitor Resistor Termination
A first-order damped high pass resistor-capacitor (CR) filter at the machine terminals will provide overvoltage mitigation the same way as R [3] but with lower losses (Fig. 7) . In order to choose the CR filter values we have to consider that initially the capacitor behaves as a short circuit and therefore [6] :
Filter capacitance is chosen so that there is less than 20% of terminal voltage during steady state operation [4] .
The impedance of the CR filter at the generator terminals:
Where f = 50Hz.
c) Capacitor Resistor Inductor Termination
In [3] the second-order damped high-pass filter (CRL) is proposed in order to mitigate the overvoltages at the machine terminals. The filter is shown in Fig. 8 . The methodology to calculate filter parameters is similar to the CR filter: 
The capacitance and inductance of the filter are based on the tuned frequency which can be derived by (17):
The CRL filter impedance can be calculated:
2) Onshore filters Onshore filters have an advantage over offshore filters in their use for TCCS since they are easily accessible and the operating environment for an onshore filter is friendlier. Since 2 π-sections cannot represent the frequency range of 5000Hz, we chose 3 π-sections that can actually represent fmax`. This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/TSTE.2015.2424258
a) Medium Voltage LCR Filter
The filter design method of a second-order LCR filter for overvoltage mitigation is described in detail in [10] for a converter-cable-generator system:
Where ζ = 1.45 is the damping ratio, ΓGen = 1 and ttravel is the travelling time of the wave front to the receiving end which is calculated from (22) .
The application of the above filter to the proposed converter-transformer-cable-generator TCCS is shown in Fig.  9 . To calculate filter impedance only the parallel RC path is considered which is similar to (13) . Ω = 63 . 106 filter Z (23)
b) Low Voltage LCR Filter
Referring the parameters calculated for the medium voltage LCR filter to the low voltage of the transformer then the LCR filter can be applied at the output of the VSC as shown in Fig.  10 . Filter parameters are based on (19) -(21).
B. Filter design algorithm based on voltage gain graph
A new method is proposed for choosing filter values based on the voltage gain graph described in section III. The main aims of the algorithm are to choose filter parameters that:
• Reduce resonant peaks that increase the magnitude of specific harmonics. • Maximize filter impedance in order to reduce losses induced to the system. In Fig. 11 we plot the voltage gain graphs of the TCCS when the filters described above are being used. We can observe that the filters installed at the medium voltage side of the system reduce the resonant peaks to very low values. The LCR filter installed at the low voltage side of the transformer does not reduce the resonant peak effectively.
The proposed algorithm for filter design operates in the following way:
1. Reference filter parameters are calculated using filter design equations as described in the literature.
A range around the reference parameters is chosen
depending on the filter design equations. 3. For a specific set of filter parameters, within the range specified above, the voltage gain graph is computed. 4. The peak value of the voltage gain graph is stored as the worst case overvoltage for that case. 5. Filter impedance is also calculated based on the specific set of parameters chosen in step 3. 6. A new set of filter parameters is chosen and the process is repeated from step 3.
When the algorithm has chosen all the possible sets of filter parameters in step 3, a decision can be made to choose the one that gives better results. In order to quantify and demonstrate the results, contour plots are created in the following sections. The algorithm chooses which set of filter parameters will have better results compared to reference filter parameters by taking into account:
• Peak voltage gain; higher peak can cause increased overvoltages. • Filter losses; a filter with higher impedance will have lower losses.
• Voltage gain at 50Hz; the higher the voltage gain at 50Hz, the higher the voltage compensation provided by the filter to the generator terminals. In the next sections, we will show the process to choose a set of filter parameters in detail for the CR filter. For the other filter types, the process is followed in a similar way.
1) Capacitor Resistor Termination (CR)
The block diagram of the CR filter at the machine terminals is shown in Fig. 6 . Based on the data acquired by the algorithm a choice can be made for a set of filter values that fulfill the criteria for overvoltage mitigation and power loss reduction. In order to visualize these results we can create a contour graph with the combination of maximum voltage gain and filter impedance. This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TSTE.2015.2424258
2) Resistor Termination (R)
The block diagram for the resistor termination is given in Fig. 6 . Since resistor termination has only one variable the filter design graph that appears in Fig. 13 contains the response at each frequency.
3) Capacitor Resistor Inductor Termination (CRL)
The block diagram for the CRL filter is given in Fig. 8 . Based on (15) - (17) , by changing ftuned we can obtain the capacitor and inductor values needed to design the filter. 
4) Medium Voltage LCR Filter (MV LCR)
The block diagram for the MV LCR filter is given in Fig. 9 . The inductor value is kept constant during the analysis at maximum (0.15pu). The maximum value of inductance is set to be 0.15pu because a very large series inductance can reduce the capability of the generator to produce rated torque. The filter design graph for the MV LCR filter is given in Fig. 15 .
5) Low Voltage LCR Filter (LV LCR)
The block diagram for the LV LCR filter is given in Fig. 10 . The inductor value is kept constant during the analysis at maximum. The filter design graph for the LV LCR filter is given in Fig. 16 .
6) Combination of Filters
An additional advantage of the proposed algorithm is that it can take into account a combination of filters when determining the parameters for overvoltage mitigation. For example, additional harmonics are generated around the switching frequency of the controller. In order to reduce these harmonic components a single tuned filter can be used. The proposed algorithm can take into account the effect of the single tuned filter and calculate the parameters for the filter so that overvoltages are mitigated and losses are the least possible. A combination of a single tuned filter with a LV LCR filter is chosen and shown in Fig. 17 . Fig. 13 . Filter design graph for the resistor termination. The set of parameters the algorithm has chosen are limited by the 1.2 contour line and the vertical line of filter impedance that is adjacent to this line. Area chosen by the algorithm Fig. 15 . Filter design graph for the MV LCR filter. The set of parameters the algorithm has chosen are limited by the 2.6 contour line and the maximum filter impedance along this line. This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/TSTE.2015.2424258 Table II gives a summarized view of the filter parameters, chosen peak voltage gain from the design graph and filter impedance for all the types of filters considered.
VI. RESULTS AND DISCUSSION
In this section we will present the simulation results acquired for the different filter cases presented. As it was noted in section III, two different scenarios will be considered. The first scenario, which is the worst case scenario, will assume that the reflection coefficient at the generator terminals is unity, ΓGen = 1. The second scenario assumes that the reflection coefficient at the generator terminals is ΓGen = 0.5. Different cases regarding the generator reflection coefficient can also be considered however, this paper considers two cases as representatives to show the effect of changing the ΓGen.
A. Worst case scenario: ΓGen = 1
The results from simulating the proposed TCCS under all the cases discussed above are given in Table III. First of all, a comparison is made between the efficiency of the proposed algorithm to derive the filter parameters in each case. Based on the results of Table III, we can observe that in all cases the proposed filters have fewer losses from the filter created using reference parameters. In addition, all the proposed filters are able to limit overvoltages at the generator terminals below 1.2pu, the highest overvoltage being 1.1659pu. This is not the case for reference filters; the LV LCR filter has a peak overvoltage above 1.2pu which can lead to insulation damage at the generator. It should be noted that the equations to calculate the reference filter parameters were derived for a machine-cable-converter system whereas the TCCS in this paper also includes a transformer.
Taking a closer look at the losses from the filters we can see that the minimum losses are generated by the proposed MV LCR filter and the LV LCR in combination with single tuned filter. In addition to the very low losses, the maximum overvoltage at the generator terminals for these types of filters is close to 1pu which means that voltage reflections and harmonic resonance are mitigated effectively. As it is expected, the proposed MV LCR filter and the LV LCR in combination with single tuned filter also have the minimum total system losses compared to the rest of the filters, up to 0.5% less losses from the proposed LV LCR filter. A possible disadvantage of the proposed MV LCR filter is that the components have to withstand medium voltage and this can increase the capital cost of the filter. The proposed LV LCR filter in combination with a single tuned filter operates onshore, at low voltage, has the lowest voltage total harmonic distortion (VTHD) and generates minimum losses making such combination favorable for a TCCS.
Regarding the offshore filters we can observe that the Rfilter generates very high losses and so this type cannot be considered an option. The proposed CR-filter and CRL-filter generate an acceptable amount of losses for TCCS, 1.74% and 1.31% respectively. Generally, offshore filters have to operate underwater and also generate higher losses compared to onshore filters making their use in a TCCS unlikely.
B. Second scenario: ΓGen = 0.5
The results from simulating the proposed TCCS under the second scenario are given in Table IV . Fig. 17 . Filter design graph for the LV LCR filter and single tuned filter. This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/TSTE.2015.2424258
As an overall observation it can be said that filter losses are not significantly affected when ΓGen changes. In addition, peak overvoltages are lower for both design methods. However, in the reference case of the LV LCR filter we can see that peak overvoltage is above 1.2pu even though it is much lower compared to the worst case scenario. As for the rest of the filters the trends are similar to the worst case scenario. Offshore filters generate very high losses and their use in a TCCS is unlikely. The least possible losses are generated by the proposed MV LCR filter and the combination of LV LCR filter with a single tuned filter. The fact that peak overvoltages are much lower is very important since the second scenario is more realistic compared to the worst case scenario. Therefore, using the worst case scenario we can design filters taking into account the limits of the system but in reality the system will operate under more favorable conditions.
C. Simulated operation
In Fig. 18 the comparison of generator voltages between the reference and proposed filters of LV LCR and MV LCR are depicted.
It can be seen that in the reference case of the LV LCR filter the voltage exceeds the 1.2pu limit. Using the proposed parameters for the LV LCR filter the overvoltages are limited. In the case of the MV LCR filter both cases have low overvoltages near 1pu. However the filter of the proposed case generates significantly lower losses as given in Tables III and  IV. In Fig. 19 the flow speed, active power, pitch angle and generator speed can be seen for 70 minutes of operation. The proposed LV LCR filter was used.
As noted in section IV the TCCS was studied in high tidal flow speeds in order to study filter design under rated operation. In Fig. 19 we can observe the power from the generator that fluctuates at some instances due to the sudden changes of the tidal flow speed but overall active power is kept close to 1pu due to the pitch angle control.
VII. CONCLUSIONS
In this paper we propose an electrical configuration for a TCCS with onshore converters. This configuration is based on generator-cables-transformer-converter interaction which is advantageous for small distances. It offers reduced operation and maintenance requirements for the power electronics and control of the transmission voltage for reduced transmission losses. A key contribution of the paper is the description, modeling and system design of a resource-to-grid TCCS with long distance controls. In addition, we calculate the parameters for different types of literature-based filters. The major contribution of this paper is the development of an algorithm to calculate filter parameters so that installed filters both mitigate overvoltages and generate the least possible losses. In all cases the proposed algorithm was able to generate a set of filter parameters that results in fewer losses and a peak overvoltage below the limits. Based on the results from the algorithm both the MV LCR filter and LV LCR filter are possible solutions in a TCCS. The filter design process based on the proposed algorithm can be used for systems with a similar electrical configuration and its application is not limited to TCCS. This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/TSTE.2015.2424258 This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/TSTE.2015.2424258
